Alport syndrome (AS) is a rare hereditary disease that presents with chronic kidney disease and sensorineural hearing loss, and is diagnosed by its clinical features, pathological features on renal tissue, and mode of inheritance. We report a woman in her 20 s who exhibited persistent haematuria with normal renal function and sensorineural hearing loss. Her family members exhibited the same clinical findings among three generations and were suspected of having autosomal dominant AS (ADAS). Renal biopsy showed minor glomerular abnormalities on light microscopy and extensive thinning of the glomerular basement membrane on electron microscopy. Whole-exome analysis revealed a known COL4A4 (type IV collagen α4) mutation (c. 2510 G > C: p. Gly837Ala). Two pedigrees with the same variant have been reported previously, one as ADAS and the other as autosomal recessive AS. However, these two cases exhibited no sensorineural hearing loss. The analysis in the present case revealed another missense variant in ESPN (Espin), an actin-bundling protein, which is a causative gene for sensorineural hearing loss. Although the pathophysiological significance of this novel missense variant needs to be clarified, computational analysis predicted that the variant creates a new phosphorylation site for protein kinase C. Our case suggests a possible association of hereditary sensorineural hearing loss with ADAS. Whole-exome analysis should be considered to diagnose hereditary and multiple-organ disorders.
Introduction
Alport syndrome (AS) is a hereditary disease that consists of chronic kidney disease, sensorineural hearing loss, and ocular abnormalities [1] . AS is caused by mutations in the COL4A3, COL4A4, and COL4A5 genes, which encode type IV collagen α3, α4, and α5 chains, respectively. Because the glomerular basement membrane, the cochlea basement membrane, and the base of the ocular lens are constructed by a triple helix of the three type IV chains, abnormalities in the chains cause AS-specific clinical features. The occurrence frequency is approximately 1 in 5000 people. AS has three genetic modes of heredity: X-linked AS (XLAS), autosomal recessive AS (ARAS), and autosomal dominant AS (ADAS). ADAS occurs in < 5% of patients with AS. Because patients with ADAS exhibit features much milder than those with XLAS and ARAS, definitive diagnosis is difficult. Recently, a study of clinical and pathological features and the genetic background of ADAS was reported [2] . The patients with ADAS developed renal insufficiency with slower progression than patients with XLAS and ARAS. The incidence of hearing loss was quite low. Pathological studies showed normal α5 staining in all cases. Electron microscopy revealed that only half of the cases exhibit a thin basement membrane with no basket weave change. Considering the mild features of ADAS, there may be many undiagnosed or misdiagnosed ADAS patients.
Hereditary hearing loss is genetically very heterogeneous [3] . More than 150 genes have been identified as causative genes. ESPN, which codes espin, a multifunctional actin cytoskeletal regulatory protein, is one of the causative genes for sensorineural hearing loss. Mutation of ESPN causes nonsyndromic autosomal dominant-or autosomal recessive-sensorineural hearing loss [4] [5] [6] .
The diagnosis of AS is determined by a mutation or abnormal expression of type IV collagen. To detect genetic mutations, direct sequencing of type IV collagen genes is performed. Although direct sequencing of the specific gene is crucial for diagnosis, other possible mutations may be missed. As next-generation sequencing technology has progressed, whole-exome analysis has been utilized for diagnosis of hereditary syndromic diseases.
We report a case of ADAS with a pathogenic gene variant of COL4A4 and an additional gene variant of ESPN, a possible causative gene for sensorineural hearing loss, which was discovered by whole-exome analysis.
Case report
A 25-year-old woman was referred to our department from the department of otorhinolaryngology in our hospital to investigate occult blood in urine. She reported having difficulty hearing since childhood. After examinations, she had been diagnosed with sensorineural hearing loss 2 years prior. Her blood pressure was 96/46 mmHg. Urine protein was negative. Urinary occult blood was 1+ in urinalysis; urine sediment showed 20-29 red blood cells/HPF. Her renal function was normal. Some of her family members exhibited occult blood in urine and subjective symptoms of mild hearing loss among three generations ( Fig. 1 ). None had reached end-stage renal disease. Based on these findings, we suspected that she had ADAS.
To further explore a diagnosis, renal biopsy was performed. A histological study indicated minor glomerular abnormalities on light microscopy ( Fig. 2a ). Immunofluorescence staining for immunoglobulins showed no significant findings. Immunofluorescence staining for type IV collagen α5 showed normal staining ( Fig. 2b , c, e). Electron microscopy revealed an extensive thin basement membrane ( Fig. 2f, g) .
According to the Initiative on Rare and Undiagnosed Diseases (IRUD) in Japan Agency for Medical Research and Development (AMED), her mother's and her blood samples were examined by whole-exome analysis. Their genomic DNA was extracted from peripheral blood leukocytes. Targeted enrichment was performed using SureSelect All Exon v6 kit (Agilent Technologies, Santa Clara, CA) and captured libraries were loaded onto an HiSeq 2500 platform (Illumina, San Diego, CA) as described previously [7] . The analysis revealed a heterozygous variant on c. 2510 G > C in COL4A4 (NM_000092.4) with a conservative substitution of p. Gly 837 Ala. Another heterozygous variant was found on c. 439 G > A in ESPN (NM_031475) with a conservative substitution of p. Ala 147 Thr. Both variants were identically detected in both the patient (III-2) and her mother (II-2) (Fig. 1) . The variants were validated by Sanger sequencing method.
Her renal function has been normal with no worsening of haematuria over 5 years of observation. Her hearing loss has slowly worsened. Fig. 2 Morphological analysis of renal biopsy. PAS staining (×400 magnification) showed minor glomerular abnormalities (a). Immunostaining for type IV collagen α2 and α5 showed normal findings (b-d). Electron microscopy (e with ×2500 magnification and f with ×20,000 magnification) showed diffuse thinning of the glomerular basement membrane. The thickness was 120-220 nm
Discussion
We presented a case that exhibited persistent haematuria and sensorineural hearing loss with autosomal dominant inheritance. After histological analysis and whole-exome analysis were performed, the patient was diagnosed with ADAS with a COL4A4 mutation. Whole-exome analysis provided another variant of ESPN that is possibly involved in sensorineural hearing loss, although the pathophysiological significance of the variant needs to be verified. Minor allele frequency of both variants detected in COL4A4 and ESPN was extremely rare, and the scores for SIFT (Sorting Intolerant From Tolerant), PolyPhen2 (Polymorphism Phenotyping v2), and CADD (Combined Annotation Dependent Depletion) indicate that both variants detected in COL4A4 and ESPN were located on conserved sequences and potentially cause deleterious effects on their functions [8] [9] [10] (Table 1) .
We reviewed the literature of retrospective cases or case studies of patients with AS who were genetically diagnosed. We found two pedigrees with the same variant of COL4A4 as the variant in our case [2, 11] . One case exhibited haematuria with no proteinuria or hearing loss. Pathological features were minimal glomerular abnormalities, thin basement membranes, and basket weave changes. Another patient was reported as having ARAS and had an additional variant on c. 3151 G > C with the substitution of p. Gly 1051 Arg, exhibiting haematuria and proteinuria with no hearing loss. Pathological studies revealed positive staining of type IV collagen α5 on the glomerular basement membrane and basket weave changes on electron microscopy ( Table 2) . As previously reported, half of the variants in COL4A3 and COL4A4 detected in patients with ADAS were also reported as causative mutations of ARAS, suggesting the existence of secondary factors that contribute to the phenotype of patients with ADAS [2] .
By applying whole-exome analysis, we confirmed the diagnosis of ADAS for the present case. In addition, we found another variant of ESPN, which may have caused sensorineural hearing loss in our case. Espin, coded by ESPN, is a multifunctional actin cytoskeletal regulatory protein. It is involved in regulating the organization, dimension, dynamics, and signalling capabilities of actin-filament-rich microvilli in mechanosensory and chemosensory cells. Three papers have reported that mutations located on 585-854 in the C-terminal region of espin were associated with familial cases of sensorineural hearing loss [4] [5] [6] . The variant found in our case caused the replacement of alanine with threonine on 147 (Ala147Thr), which is located in the ankyrin-repeat domain. The ankyrin-repeat domain in espin has been reported to regulate its binding to actin filaments [12] . Thus far, the pathological significance of the variant in the present case is unclear. Computational analysis using NetPhos 3.1 Server and KinasePhos predicted that the variant creates a new phosphorylation site for protein kinase C (PKC) with a high possibility [13, 14] . NetPhos 3.1 server predicts serine, threonine, or tyrosine phosphorylation site of given protein sequences. A value of the prediction score in the range of 0.5-1.0 indicates positive prediction. In the analysis, substitution of p. Ala 147 Thr in espin created new phosphorylation site for PKC with 0.879 of prediction score. KinasePhos is a program incorporating Profile Hidden Markov Model that predicts phosphorylation site of given protein sequences. By applying sequences for espn with a substitution of p. Ala 147 Thr, new phosphorylation site for PKC was created with 90% specificity. Further in vitro and in vivo studies are required.
In conclusion, we report a case with ADAS that was diagnosed by whole-exome analysis, which provided precise information about the mutation in COL4A4 and further information about a novel gene variant of ESPN that may be involved in the features observed in our case. When a suspicious hereditary disease exists, direct sequencing of the gene is usually performed. Although direct sequencing of the specific gene is crucial for diagnosis, other possible mutations may be missed. Whole-exome analysis should be considered as a method to diagnose hereditary and multipleorgan disorders. 
